mechanism includes demonstration of small airways injury in isolated lungs that is attenuated in the presence of PEEP (2, 5) . According to this construct, recruitment attenuates VILI by stabilizing airspace opening in areas of atelectasis, thus preventing atelectrauma. However, morphometric data have not uniformly demonstrated airway instability (8, 9) . A different view, supported by computed tomography (CT) human studies, is that atelectasis results in a concentration of the tidal volume (V T ) into a smaller area of aerated (i.e., nonatelectatic) lung that becomes overexpanded (10, 11) . In this model, the presence of atelectasis contributes to injury by decreasing the size of the "available" lung and thus injury develops in the aerated regions. Support for this proposal comes from laboratory (12) and clinical (13) data suggesting that the preponderance of alveolar injury occurs in the aerated rather than atelectatic lung regions.
It is likely that both atelectrauma and overdistension contribute to the genesis of VILI. For this reason, it would be valuable to better quantify and understand the relevance of overdistension, because recruitment of atelectatic lung could attenuate VILI by decreasing overexpansion of aerated airspaces. However, some of the therapies that decrease atelectasis (i.e., PEEP) may potentially increase the expansion of aerated airspaces, thus worsening VILI. All approaches to understanding the role of atelectasis and overdistension in lung injury involve serious challenges including model specificity (5), topographic distribution (12) , real-time imaging (7) , assumptions about cellular metabolism and injury (13) , and applicability to humans. Nevertheless, regional airspace sizes can be estimated in vivo during mechanical ventilation by measuring the apparent diffusion coefficient (ADC) of helium-3 ( 3 He) using diffusion-weighted hyperpolarized gas magnetic resonance imaging (HPG MRI) (14) . ADC provides a noninvasive, clinically applicable estimate of the size of ventilated airspaces on the acinar scale (15) , which is not accessible by clinical CT methodologies. This technique can provide measures of the meanand variance of-ADC values in sampled lung regions as well as illustrative "maps" of the distribution of ADC.
We hypothesized that atelectasis resulting from surfactant depletion would result in reciprocal airspace volume expansion (expressed as increased mean ADC) in in vivo rats ventilated with low PEEP. We further hypothesized that alveolar recruitment would reduce overdistension by recovering atelectatic lung. We administered surfactant and PEEP to discriminate the responses of ADC to recruitment with and without rising PEEP. In this study, we used CT to quantify atelectasis and confirm the occurrence of recruitment in this model.
MATERIALS AND METHODS

Animals
Studies were performed on healthy, male Sprague Dawley rats (n = 27, 420 ± 60 g), following approval by the local Institutional Animal Care and Use Committee. Animal care and anesthesia was as previously described (16) . The experimental design is outlined in Figure 1 . Briefly, general anesthesia was induced and maintained with intraperitoneal pentobarbital (40-60 mg/kg), the trachea intubated (14-gauge catheter; BD, Franklin Lakes, NJ), and the glottis sealed (DAP Products, Baltimore, MD) to prevent gas leak (17) . Paralysis was obtained with pancuronium bromide (1 mg/kg IV; Abbot Labs, North Chicago, IL) after connection to the mechanical ventilator. Airway pressure was recorded using a fiber-optic sensor (Samba Sensors AB, Sweden), and heart rate and peripheral oxygen saturation (SpO 2 ) levels monitored (Nonin Medical, Plymouth, MN). Body temperature was maintained at 37°C by warm air-flow and after the final set of observations the animals were removed from the scanner and euthanized by lethal pentobarbital injection.
Experimental Outline
Three series of experiments were performed (Fig. 1) . To measure the effects of surfactant depletion on ADC, ten animals (Series 1) underwent HPG MRI at PEEP 0 cm H 2 O before and after saline lavage. In five of these rats, images were obtained three times after lavage to verify repeatability of the ADC measurement. Peak inspiratory pressure (PIP) was measured immediately prior to each ADC acquisition and used for dynamic compliance [Cdyn = V T /(PIP -PEEP)] measurements.
Ten rats (Series 2) received saline lavage with identical procedure as Series 1 animals and were used to study the effects of recruitment Figure 1 . Graphic outline of the experiments. After anesthesia and instrumentation, animals received baseline imaging before saline lavage (Pre-SL). Imaging was then repeated after lavage (Post-SL). Each imaging procedure was preceded by a recruitment maneuver to standardize recruitment conditions. Except for Series 1 animals, ascending levels of positive end-expiratory pressure were applied during imaging. In Series 2 and 3, exogenous surfactant was administered and imaging was repeated for a third time. Imaging was performed using hyperpolarized gas magnetic resonance imaging in Series 1 and 2; computerized tomography was used in Series 3.
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Recruitment Maneuver Surfactant Administration by PEEP and exogenous surfactant on ADC. Animals were imaged with and without PEEP at baseline, following saline lavage, and after intratracheal instillation of surfactant (Fig. 1) . Seven additional animals (Series 3) were used to verify atelectasis and document the effects of PEEP and surfactant on alveolar recruitment. This was measured from lung CT densities and SpO 2 . Animals underwent a similar protocol as in Series 2 ( Fig. 1) , except that CT images-instead of ADC-were acquired at each time point.
Surfactant Depletion
After baseline imaging, saline lavage was performed in all rats as previously described (12) . Animals were briefly disconnected from the ventilator and lavaged with 30 mL/kg of warmed (37°C) saline, instilled using a syringe attached to the endotracheal tube. The saline was then gently retrieved by slowly suctioning through the same syringe, the total amount recovered was recorded, and was lower than 2 mL in all animals. The lavage procedure was performed three times, at 5-min intervals, followed by a 20 mins period of stabilization at PEEP 4 cm H 2 O and with FIO 2 of 1.0, following which the animal was returned to the scanner (same position as before) and images were obtained.
Exogenous Surfactant
In Series 2 and 3 animals, a single intratracheal dose (50 mg/ kg) of Bovine Lipid Extract Surfactant (BLES Biochemicals, London, Ontario, Canada) was injected slowly while maintaining the animal 45° head-up, followed by reconnection to the ventilator. Imaging was repeated following stabilization for 20 mins.
Mechanical Ventilation
All rats were ventilated with an MRI-compatible, custom-built small animal ventilator capable of delivering volumes with an accuracy of ± 100 µL (16). Animals were placed supine in the CT or MRI scanner and ventilated (V T 10 mL/kg, respiratory rate 60 per min, inspiratory time 30%, PEEP 0 cm H 2 O, and FIO 2 0.21). Except for PEEP and FIO 2 when specified, all ventilator settings were left unchanged throughout the course of the experiment. A recruitment maneuver (serial increases of PEEP in increments of 3 cm H 2 O, each for 30 s, up to 15 cm H 2 O) was performed prior to each series of image acquisitions to standardize lung recruitment and volume history. Except for ADC acquisitions, FIO 2 of 1.0 was delivered to maintain adequate arterial oxygenation during and after saline lavage, until the end of the experiments.
In Series 1, PEEP of zero only was applied during measurements. In Series 2 and 3, ADC and CT images were obtained at all levels of applied PEEP (0-15 cm H 2 O, Series 2; 0-12 cm H 2 O Series 3; 0-9 cm H 2 O after surfactant). In control conditions, only PEEP levels of 0 and 9 cm H 2 O were applied, in order to verify the effect of lung inflation on ADC. Each level of PEEP was applied for 3 mins prior to CT or ADC imaging. Higher levels of PEEP were poorly tolerated by healthy rats or after surfactant administration (pilot data, not shown) and were, therefore, avoided.
HPG MRI Protocol
HPG MRI was performed using a diffusion-weighted gradient echo pulse sequence. End-inspiratory images were obtained following ventilation with a mixture of hyperpolarized 3 He and O 2 . At 30 breaths before each image acquisition, the inspired gas was switched to a mixture of 4 He:O 2 (4:1) in order to standardize the alveolar gas composition and eliminate the dependence of ADC on residual gas volume (18). The source gas was then switched to hyperpolarized 3 He:O 2 (4:1) for five breaths prior to ADC imaging, which was performed during a 5-s inspiratory pause and after a 1-s delay time to allow uniform inspired gas distribution. Imaging was performed with a 50-cm bore 4.7-T MRI scanner (Varian, Palo Alto, CA) equipped with 12-cm 25 G/cm gradients and a quadrature 8-leg birdcage radiofrequency coil with internal diameter of 7 cm (Stark Contrast, Erlangen, Germany) tuned to the 3 He resonance frequency of 152.95 MHz. 3 He gas was hyperpolarized to approximately 30% over 14 hrs using a commercial prototype (IGI.9600.He, GE Healthcare, Durham, NC) (19) . Rats were placed supine in the coil inside the MRI scanner. In all animals, ADC imaging was performed on axial or coronal slices using an interleaved diffusion-weighted gradient echo imaging pulse sequence with Cartesian centric k-space sampling using the following parameters: planar resolution = 0.94 × 0.94 mm 2 , field of view = 6 × 6 cm 2 , flip angle α = 2°-3°, repetition time = 4.5 ms, and echo time = 3.3 ms (14, 16) . In Series 1, the 20-mm axial slice was positioned right underneath the heart in order minimize the cardiac motion artifacts and maximize the lung parenchyma included in the imaged slab. In Series 2, imaging was performed on two 10-mm coronal slices, one anterior and one posterior. A single-breath high-resolution coronal 3 He spin density (ventilation) image was also acquired in this subset of animals before and after saline lavage at a planar resolution of 0.47 × 0.47 mm 2 (all imaging parameters similar to ADC protocol except for α = 5°, time of repetition = 3.2 ms, and echo time = 1.6 ms). Each set of ADC acquisitions comprised eight diffusion-weighted images corresponding to different diffusion gradient factors (b-values) ranging between 0 and 6 cm 2 /s (with b = 0 repeated as the first and last image) (20) . Diffusion weighting was performed along the left-right direction of the rat body, using diffusion time Δ = 1 ms and gradient duration δ = 200 μs all with a fixed ramp time of τ = 180 μs.
CT Protocol
High-resolution, end-inspiratory CT scans were acquired using a micro-CT scanner (ImTek MicroCAT II; Knoxville, TN) with field of view = 5.27 × 5.27 cm 2 and an isotropic resolution of 103 × 103 × 103 μm 
Data Analysis
All analysis was performed using MATLAB (Mathworks, Natick, MA) codes developed in the authors' laboratory. ADC was analyzed on a pixel-by-pixel basis at a planar resolution of approximately 0.94 × 0.94 mm 2 . The acquired signal was bias-corrected for the background noise (21) . The signal-to-noise threshold was iteratively varied between 5 and 20 for each image and the highest threshold value was selected such that the entire lung parenchyma was retained after masking the low signal-to-noise pixels. Time evolution of signal intensity of valid pixels was then fit to a standard equation to yield maps of regional ADC values (16) . Mean, SD, skewness, and kurtosis were calculated for each imaged slice.
Quantitative analysis of CT densities was performed using established methods. Briefly, alveolar recruitment was quantified from shifts of tissue between compartments with predefined density ranges (11, 22) . Two-dimensional regions of interest were identified on images by manually contouring around the profile of both lungs excluding the heart and the major vessels. For each region of interest, frequency histograms of Hounsfield Units (HU) values were extracted, and mean and SD were obtained. Such distributions were partitioned among compartments of different aeration: 1) nonaerated (-100 to +100 HU); 2) poorly aerated (-500 to -101 HU); 3) normally aerated (-900 to -501 HU); and, 4) hyperinflated (-1000 to -901 HU). Each compartment was measured as the percentage of the total slice area occupied. Alveolar recruitment was assessed from increases in the normally aerated compartment and decreases in the nonaerated one.
For statistical analysis, group mean and SD values of all the computed quantities were calculated. Relative changes of measured quantities were compared using a repeated measurements analysis of variance followed by post hoc comparisons between conditions, using paired t test and the Bonferroni correction for multiple comparisons when appropriate. Statistical significance was set at p < 0.01.
RESULTS
Series 1-Effect of Surfactant Depletion on ADC
The baseline values of PIP and ADC, and the SD of ADC ( Table 1) were comparable to previously published values in healthy rats of similar weight and comparable ventilator settings (16) . Figure 2 shows the 3 He density ( Fig. 2A) and ADC (Fig. 2B ) maps of the mid-axial slices of two representative rat lungs. The frequency distribution histograms (Fig. 2C) confirm that before surfactant depletion the distribution of 3 He ADC was unimodal and skewed toward smaller values, reflecting a preponderance of patent smaller airspaces.
Surfactant depletion resulted in an increased PIP, decreased dynamic compliance (Cdyn), and higher mean ADC (by over 30%, p < 0.001), compared with prelavage values (Table 1) . 3 He density maps ( Fig. 2A) show an overall lower signal, indicating reduced airspace aeration. The heterogeneity of ADC signal, indicative of nonuniform airspace distension, was increased after surfactant depletion (Fig. 2B) ; this is reflected also in the larger SD (p < 0.002) and smaller kurtosis (p < 0.001) of the ADC frequency distributions (Table 1; Fig. 2C ). The skewness of ADC frequency distributions was decreased postlavage (p < 0.001, Table 1 ) consistent with an increased contribution of larger vs. smaller airspaces to the overall ADC distribution. The intrasubject variation of ADC measurements following saline lavage was less than 6% (Table S1 , Supplemental Digital Content 1, http://links.lww.com/ CCM/A536).
Series 2-Effects of PEEP and Exogenous Surfactant on ADC
Following surfactant depletion the overall ADC values, as well as the heterogeneity of the regional ADC distribution, were increased (Fig. 3) . ADC values obtained from the posterior and anterior coronal slices followed similar trends with minimal quantitative variations among slices and were, therefore, combined and expressed as a single mean (± SD) for each study condition (Fig. 4) . The mean ADC increased by 32.6% after lavage (Fig. 4, effects PEEP at baseline conditions, after saline lavage, and after surfactant administration. ‡p < 0.001 for the effect of PEEP; ¶p < 0.01 and §p < 0.001 vs. saline lavage at PEEP 0 or 9 cm H 2 O.]). The regional gas content and aeration defects (i.e., airspaces not reached by the tracer gas) were visualized by high resolution 3 He density maps (Fig. 3A) . Following surfactant depletion, aeration defects were more prominent, particularly in the posterior slice.
Before surfactant depletion, application of PEEP (9 cm H 2 O) increased the mean ADC values (Fig. 4) . After lavage, PEEP (in the absence of surfactant) decreased the overall ADC (Fig. 4) and, at PEEP levels up to 15 cm H 2 O, converted the ADC distribution to a more homogenous pattern (Fig. 3B) . Aeration defects in 3 He density scans were also decreased at high PEEP (Fig. 3A) . At zero PEEP, administration of surfactant had minimal effect on overall ADC (Figs. 3B and 4), although it was slightly reduced (approximately 6%, p < 0.001) in the posterior slices (Fig. S1 , Supplemental Digital Content 1, http://links.lww.com/CCM/A536). Combining surfactant with PEEP decreased mean ADC by 22.7% (p < 0.01) and resulted in a greater (approximately 11%, p < 0.01) decrease in ADC vs. PEEP (9 cm H 2 O) alone (Fig. 4) . In the context of both PEEP and surfactant, mean ADC values were comparable to healthy conditions (Fig. 4) ; at mid-range levels , and the ADC maps were almost identical to baseline (Fig. 3B) . In contrast to the slightly predominant posterior (dorsal) region impact of surfactant depletion (saline lavage) and replacement on ADC, the effects of PEEP were similar in anterior vs. posterior slices (Fig. S1 , Supplemental Digital Content 1, http://links.lww.com/CCM/A536). Aeration defects were virtually eliminated by the combination of PEEP 9 cm H 2 O and surfactant, reflecting the successful recruitment of atelectatic areas (Fig. 3A) . Dynamic representation of He density maps at increasing levels of PEEP (0 to 12 cm H 2 O in 3 cm H 2 O steps) obtained at healthy baseline, after saline lavage, and after surfactant administration. Images were in frontal, mid-lung, and posterior coronal slices.]) obtained in one animal by stepwise increases in PEEP (3 cm H 2 O increments) confirmed heterogeneous lung aeration after surfactant depletion (vs. baseline), and progressively disappearing aeration defects after administration of surfactant.
Series 3-Alveolar Recruitment
Saline lavage caused a significant increase in tissue density on CT scans (Fig. 5) , which was related to an increase in poorly aerated and nonaerated lung tissue at the expense of the normally aerated compartment (Fig. 6) . PEEP induced significant alveolar recruitment, suggested by lower densities (Fig. 5 ) and quantified by increased aeration distributed over all lung regions (Fig. 6 ). CT imaging indicated that the rank order for effectiveness in recruitment was: Surfactant plus PEEP > PEEP > Surfactant (Fig. 6 ). As observed with estimation of ADC, the effects of lavage, PEEP, and surfactant on CT density were qualitatively comparable among slices but areas of nonaerated tissue were more pronounced in the posterior slices (Fig. S3 , Supplemental Digital Content 6, http:// links.lww.com/CCM/A541 [Effects of saline lavage, PEEP, and surfactant administration on the distribution of aeration density ranges (% of total slice area) in the anterior (left) and posterior (right) coronal slices. Density ranges were defined as: normally aerated (-900 to -501 HU), poorly aerated (-500 to -101 HU), hyperinflated (< -900 HU), and nonaerated (≥ -100 HU). †p < 0.01 and ‡p < 0.001 for the effect of PEEP; ¶p < 0.01 and §p < 0.001 vs. saline lavage at PEEP 0 or 9 cm H 2 O.]). PEEP induced regional overdistension (apparent in CT imaging) only in the prelavage (normal) lungs, and not in any of the postlavage conditions. PEEP and surfactant decreased Before surfactant depletion, increasing PEEP was not associated with changes in SpO 2 (Fig. 7) . Surfactant depletion resulted in a high level of PEEP (15 cm H 2 O) needed in order to achieve a SpO 2 of 95%. In contrast, the SpO 2 response to PEEP following administration of surfactant was a sharp increase in SpO 2 up to 95% which was achieved at PEEP 9 cm H 2 O. The airway pressure-time profiles (Fig. S4 , Supplemental Digital Content 7, http://links. lww.com/CCM/A542 [Airway pressure (Paw) over time profiles at baseline, after saline lavage, and following surfactant administration. Decreases in upward concavity with rising PEEP suggest alveolar recruitment.]) show upward convexity after surfactant depletion. This convexity, which typically indicates the presence of recruitable lung (23) , was attenuated at lower PEEP after surfactant replacement as compared to PEEP alone, which also suggests the facilitating effect of surfactant on recruitment.
DISCUSSION
The results of this study support our hypothesis that with volume-controlled ventilation, surfactant depletion leads to elevated ADC values in aerated regions of the lung. This finding is consistent with two lung unit populations in the setting of atelectasis: atelectatic units and reciprocally volume-expanded airspaces. The overdistension occurred despite moderate V T , was not identified by CT, and was most prominent at zero PEEP in the dorsal lung regions. PEEP did not increase overdistension; in contrast, recruitment by PEEP and/or exogenous surfactant reduced overdistension.
Interpretation of ADC Measurement
Respiratory gas diffusion maps provide regional information pulmonary airspace dimensions. The current methodology excluded proximal conductive airways from analysis and thus 3 He ADC values primarily reflect small (aerated) airspaces within the acinus (24) , where diffusion is the main determinant of gas transport (25) . In fact, ADC correlates well with small airway dimensions and alveolar surface density (14, 26) . The response of ADC to PEEP at baseline (before lavage) suggests that it is sensitive to changes in airway pressure; this is consistent with the increases in ADC in the current experiments being due to enlarged acinar airspaces. While reproducibility of ADC has been documented in other settings (18, 27, 28) , the repeat acquisitions (Table S1 ) in the current study provide the first confirmation of repeatability in a small animal model of surfactant depletion, thus supporting the reproducibility of our measurements in this model.
A potential limitation of the diffusion-weighted MRI technique is insufficient discrimination between compartments of the acinus, for example, the alveoli vs. the alveolar ducts (29) . In the presence of atelectasis, initial opening may be dominated by expansion of alveolar ducts (30) . However, in the current study, surfactant depletion is associated with CT confirmation of definite regional atelectasis (with minimal contained air), suggesting little likelihood colocalization of atelectasis and air-filled ducts.
In addition, with inflation and increasing airway pressure, the ducts may become smaller as alveoli expand (30) , suggesting that here, the contribution of duct air filling would be progressively less important. Because alveolar ducts have a less significant role in diffusion than alveoli (31) , it is unlikely that duct physiology (or filling) dominates over alveolar distension. More sophisticated diffusion models (32, 33) may help in the future to better define the anatomical correlations of our findings by differentiating between the contribution of alveoli and that of the alveolar ducts.
Another potential limitation of ADC is that its interpretation can be problematic when alveolar recruitment is achieved by rising PEEP. Here, further expansion of the previously aerated airspaces could theoretically be masked by reopening of previously collapsed, smaller airspaces. However, the ADC value within each voxel is a volume-weighted average and is thus more sensitive to the presence of enlarged vs. smaller airways (34) , thereby mitigating any tendency for ADC to underestimate airspace expansion through elevation of airway pressure (e.g., raising PEEP).
The current results suggest that ADC may provide a valuable tool, complementary to CT, enabling the study of atelectasis on aerated airspaces. In fact, widespread elevated ADC was observed after lavage (Figs. 2 and 3) , while postlavage CT showed diffusely reduced aeration and no hyperinflation, in the same experimental conditions as in Series 2 (Figs. 5 and 6 ). This is likely because CT provides density-weighted measurements of lung tissue/aeration and, as such, it may underestimate overexpanded airspaces that abut (or are the result of) atelectatic alveoli.
Saline Lavage Promotes Airspace Expansion
Increases in mean ADC values at end-inspiration after saline lavage can be explained by atelectasis. Development of atelectasis was confirmed by the nonpersistent hyperdensities on CT imaging (Figs. 5 and 6), as well as the recoverable aeration defects in the 3 He density maps (Fig. 3A) , which have been histologically associated with atelectasis in ventilated mice (35) . Animal studies (36) have confirmed that atelectasis is a key characteristic in the saline lavage model; and, although pulmonary edema coexists with atelectasis, the amount of unrecovered saline in our study (<2 mL) was comparable to that observed in a similar model where atelectasis was confirmed by tissue stereology (12) . The use of FIO 2 of 1.0 after saline lavage is likely to have further promoted atelectasis (37) although the confounding effect of this factor is likely to be small.
There are important differences between this and previous studies. Previously utilized imaging techniques, such as CT, do not readily permit regional assessment of airspace distention. While other studies showing airspace overexpansion in this model employed a higher V T (10), we used a moderate V T . The current findings of increased ADC after saline lavage also document inspiratory overdistension at low PEEP in the context of surfactant depletion. Finally, our results suggest that overdistension was not confined to anterior lung regions and occurred within areas of the www.ccmjournal.org lungs that appeared to be atelectatic by CT, a finding that was not previously reported.
The topography may be instructive. The postlavage increase in ADC was larger in the posterior slices (Fig. S1 , Supplemental Digital Content 1, http://links.lww.com/CCM/A536), where atelectasis was also prominent (Fig. S3 , Supplemental Digital Content 6, http://links.lww.com/CCM/A541). Such coexistence of overdistended lung within areas of atelectasis can be explained by traction from collapsed alveoli (38, 39) ; such alveolar interdependence may reciprocally expand ventilated airspaces and cause gas redistribution. In fact, morphometric data suggest airspace expansion in close proximity to atelectatic alveoli (7, 30) . Comparisons between ADC and CT data are limited by the fact that these imaging techniques were employed (of necessity) in separate groups of animals. However, the ADC data are highly reproducible (Table S1 , Supplemental Digital Content 8, http://links.lww.com/CCM/A543) and the intersubject variability (ADC and CT data) is small (Figs. 4 and 6 ).
Alveolar Recruitment Decreases Airspace Expansion
Surfactant administration and PEEP after saline lavage decreased mean ADC values (Fig. 4) and caused the near disappearance of aeration defects on 3 He spin density maps (Fig. 3A) , especially in the setting of PEEP with surfactant. Furthermore, PEEP and surfactant resulted in almost total recovery (toward baseline) of the ADC SD (Fig. S2 , Supplemental Digital Content 2, http://links. lww.com/CCM/A537), reflecting alveolar recruitment; this was corroborated by CT images (Series 3; Figs. 5 and 6), increased oxygenation (Fig. 7) , and inspiratory pressure-time profiles (Fig. S4 , Supplemental Digital Content 7, http://links.lww.com/ CCM/A542).
The decreasing size of aerated airspaces in association with recruitment may reflect resolution of the original overdistension mechanisms. Alveolar recruitment involves an increase in the amount of aerated parenchyma, causing redistribution of inspired gas to a larger pool of ventilated airspaces (40) , which should individually be less expanded at end-inspiration. According to this hypothesis, a decrease in airspace dilatation after recruitment can be expected when PEEP remains constant, such as after surfactant instillation or following a recruitment maneuver (16); here, a decrease in the face of rising PEEP may appear paradoxical. However, the latter finding may be explained by release of airspace dilatation that was initially caused by alveolar interdependence (30) . Previous ex vivo morphometric studies suggested this phenomenon during lung inflation (30, 41, 42) , although other investigators have not reported the same findings (43) . In our previous study in healthy rats (16), we observed a reduction in mean ADC when PEEP was applied, following the development of atelectasis due to prolonged ventilation at zero PEEP. Following a recruitment maneuver, subsequent application of PEEP caused ADC to increase, which was also observed in the baseline health lungs of the current study. Therefore, we infer that a decreasing ADC associated with PEEP characterizes the response of the lungs to alveolar recruitment, whereas an increasing ADC reflects the physiological inflation of recruited lungs.
The combined effect of PEEP and surfactant on ADC and alveolar recruitment demonstrated a "PEEP sparing" effect of surfactant, a finding consistent with previous studies (44) . This effect was particularly evident in the response of arterial saturation after saline lavage, which showed that a normal SpO 2 could be reached at lower PEEP after surfactant (Fig. 7) .
Limitations and biological Implications
The current work has important limitations. It does not provide evidence of VILI in areas of high ADC and does not address the presence or possible role of atelectrauma. Indeed, our goal was to identify acute changes in ventilated airspaces in a model that is highly responsive to recruitment attempts and before the onset of VILI. However, surfactant depletion does not reflect the entire spectrum of the pathogenesis of acute lung injury and our results should not be generalized until further experimentation is performed in animal models with prominent inflammation and alveolar consolidation. In addition, the responses of ADC to lavage and recruitment may be affected by the duration of ventilation. In fact, our findings were unlike the observations by Tsuchida et al (12) , showing prominently ventral overdistension, a difference that may reflect different V T (25 vs. 10 mL/kg), the presence of established injury, or study duration. The choice of a small vs. large animal model could have affected the anteroposterior distribution of CT densities. However, the distribution of atelectasis in rats is similar to larger animals (12) .
Within experimental confines, the current study provides in vivo radiological evidence of airspace expansion in a surfactant-depleted model, extending our work in healthy ventilated rats (16) . While lung overdistension-as well as the presence of atelectasis-increases the risk of VILI (1), the current data suggest that atelectasis could contribute to VILI by reciprocal increases in airspace size, a suggestion supported by recent morphometric (12) and clinical data (13) ; this hypothesis contrasts with previous reports suggesting that atelectasis resulted in injury in the airways in the atelectatic regions (45, 46) . The detection of overdistension by ADC-and not by CTsuggests that this phenomenon may be more frequent and more relevant than previously estimated. The response of ADC to recruitment also suggests that attenuation of overdistension may be an important contributor to the beneficial effects of PEEP in surfactant depletion. Our findings of decreased ADC during PEEP suggest that airspaces dilatation is attenuated, rather than worsened, by PEEP in the presence of marked atelectasis. Such a response might occur in patients with highly recruitable lungs (47), but would not be detectable using conventional clinical techniques.
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